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NOMENCLATURE   
𝑎𝑎𝑤𝑤  water activity 𝑝𝑝  pressure, Pa 
𝑎𝑎𝑃𝑃𝑃𝑃/𝐶𝐶   specific area, m-1 r radius, m 
𝐴𝐴  active reaction area, m2 𝑅𝑅  universal gas constant, J kmol-1 K-1 
ACL anode catalyst layer 𝑅𝑅𝑅𝑅  relative humidity 
BD back diffusion 𝑠𝑠  liquid water fraction 
𝐶𝐶  molar concentration, kmol m-3 𝑆𝑆  source terms, entropy, J kmol-1 K-1 
CCL cathode catalyst layer 𝑇𝑇  temperature, K 
CD current density 𝑇𝑇0  operating temperature, K 
𝐶𝐶𝑃𝑃  specific heat, J kg-1 K-1 𝑢𝑢�⃗   superficial velocity vector, m s-1 
𝐷𝐷𝑖𝑖𝑖𝑖  
Maxwell-Stefan diffusion 
coefficient matrix, m2s-1 
𝑉𝑉  Voltage, V 
𝐷𝐷  mass diffusivity, m2 s-1 𝑋𝑋  mole fraction 
𝐸𝐸  
effectiveness factor, total energy in 
the gaseous phase, J 
𝑌𝑌  mass fraction 
𝐸𝐸𝐸𝐸  
equivalent molecular weight of dry 
membrane, kg kmol-1 
Greek letters  
𝐹𝐹  Faraday’s constant, C kmol-1 𝛼𝛼  transfer coefficient 
GDL gas diffusion layer 𝛿𝛿  thickness, m 
ℎ  latent heat, J kg-1 𝛾𝛾  water phase change rate, s-1 
H 
largest dimension in the direction 
in question, m 
𝜖𝜖  porosity 
𝑖𝑖  current density, A m-2 𝜁𝜁  water transfer rate, s-1 
𝑗𝑗0  exchange current density, A m-2 𝜂𝜂  overpotential, V 
𝑘𝑘  
reaction rate coefficient, s-1, 
thermal conductivity, W m-1 kg-1 
𝜃𝜃  contact angle, ° 
𝑘𝑘0  permeability, m2 𝜅𝜅  electrical conductivity, S m-1 
𝑚𝑚  mass, kg 𝜆𝜆  membrane water content 
𝐿𝐿  volume fraction ∅  
Thiele’s modulus, non-
dimensional minimum cell 
distance 
?̇?𝑚  mass flow rate, kg s-1 𝜇𝜇  dynamic viscosity, kg m-1 s-1 
𝑀𝑀  molecular weight, kg kmol-1 𝜉𝜉  stoichiometry ratio 
𝑁𝑁�⃗   diffusion flux of species, m2 s-1 𝜌𝜌  density, kg m-3 
𝑛𝑛𝑑𝑑  electro osmotic drag coefficient 𝜎𝜎 surface tension, N m-1 
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𝜙𝜙  electronic potential w water vapour phase 
∆  
cell size in the direction in 
question, m 
  
?̿?𝜏  viscous stress tensor, Pa   
Subscript and Superscript    
a anode   
agg agglomerate   
BP bipolar plate   
CL catalyst layer   
c cathode, capillary   
C carbon   
cell cell   
cond condensation   
d dissolved   
eff effective   
e equilibrium   
evap evaporation   
GDL gas diffusion layer   
g gas phase   
𝑅𝑅2  hydrogen   
0 operating   
l liquid phase   
mem membrane   
m membrane phase   
out output   
𝑂𝑂2  oxygen   
𝑃𝑃  platinum   
ref reference   
rev reversible   
sat saturation   
s solid phase   
M ionomer   
i species   
v-l vapour to liquid (vice-versa)   
𝑅𝑅2𝑂𝑂  water   
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ABSTRACT 
A three-dimensional agglomerate model of an anion exchange membrane fuel cell has been developed 
and used to perform a parametric analysis of the effects of inlet relative humidity, ionomer water uptake, 
platinum loading, carbon content and ionomer volume fraction on the overall fuel cell performance. 
Improved cell performance has been obtained when the anode relative humidity was higher compared 
to the cathode resulting in a significant amount of water back diffusion, as well as higher oxygen partial 
pressure at the cathode enhancing the oxygen mass transport. Increasing the membrane water content 
positively affects the overall performance of the fuel cell because of the improvement of ionic 
conductivity. An increase in platinum loading has been found to have a positive impact on the fuel cell 
performance. Carbon loading influences the thickness of the catalyst layer, directly affecting 
concentration and Ohmic losses in the catalyst layer. An increase in the ionomer volume fraction 
enhances the transportation of ions and also the diffusion of membrane water through the membrane. 
A decrease in the volume fraction of ionomer in the catalyst layer leads to a reduction in the membrane 
water content and ion diffusion rate, thus deteriorating the overall performance of the fuel cell.  
 
Keywords: anion exchange membrane fuel cell; agglomerate model; relative humidity; platinum 
loading; carbon loading; ionomer volume fraction. 
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1. INTRODUCTION 
Traditionally, an anion exchange membrane (AEM) fuel cell operating with hydrogen and air as fuel 
and oxidant, respectively, has half cell reaction described by 𝑅𝑅2 + 2𝑂𝑂𝑅𝑅− → 2𝑅𝑅2𝑂𝑂 + 2𝑒𝑒− and 0.5𝑂𝑂2 +
𝑅𝑅2𝑂𝑂 + 2𝑒𝑒− → 2𝑂𝑂𝑅𝑅−  for anode and cathode, respectively. Recently, AEM fuel cells have been 
analysed from various different viewpoints. Li et al. [1] evaluated not only the water uptake, diffusion 
and electro-osmotic drag coefficient, but also the water transportation in the AEM. According to the 
measurements by Gunasekara et al. [2], the transfer coefficient for oxygen reduction reaction (ORR) 
kinetic at the Pt Microelectrode/Tokuyama A201 and the exchange current density (CD) have been 
measured to be 1.02 and 2.53× 10−10 A cm-2 (293K, 1 atm). The AEM related issues such as swelling, 
ionic conductivity and water uptake were analysed by Duan et al. [3], where the ionic conductivity was 
observed to be dependent on the water activity, reaching higher values under the fully humidified 
condition. Several numerical models have been developed to obtain a better understanding of water 
management and transportation in fuel cells [4-6]. Recently, the present authors have modelled the 
effects of temperature, relative humidity (RH) and flow direction in an AEM fuel cell using a macro-
homogeneous model [7]. It has been found that the overall fuel cell performance improves with 
increasing operating temperature within the temperature range 313.15 K 1o 333.15 K, mainly due to 
the electrochemical kinetics enhancement. The overall performance of the fuel cell deteriorates with 
decreasing inlet RH mainly due to the reduction of the membrane hydration. The flow direction did not 
have any significant influence on the overall performance of the fuel cell for the parameter range 
analysed in [7]. Isomura et al. [8] and Kaspar et al. [9] have experimentally evaluated the importance 
of humidification on the overall performance of an AEM fuel cell. The effects of RH, operating CD, 
ionomer loading and ionomer ion exchange capacity on the overall performance have been analysed by 
Dekel et al. [10]. It has been found that the inlet RH has a direct impact on the overall performance of 
the fuel cell, especially at high current densities (>1.0 A.m-2). Asymmetric RH distributions at cathode 
and anode catalyst layers (i.e. CCLs and ACLs) have also been proved to be beneficial to the 
performance of the fuel cell. In spite of the aforementioned studies, Dekel [11] and Omasta et al. [12] 
highlighted the necessity for further analysis of water management in AEM fuel cell and the current 
analysis addresses this deficit in the existing literature. The usual operating temperature limit of 323.15-
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333.15 K of AEMFCs is driven by the optimum humidity level in AEM cathode [12, 13]. The RH in 
the cathode is critical as H2O and O2 are both reactants at the cathode and competing with each other. 
Air with low RH at the cathode improves the O2 mass transport, which leads to a decrease in ionomer 
conductivity resulting in a deterioration of performance as well as there might be limitations in terms 
of water mass transfer depending how fast the water transport (back diffusion (BD)) is from the anode. 
Air with high RH at the cathode could cause deterioration of O2 mass transport and possible flooding 
at the anode too. The water balance gets more critical at elevated temperature as high water vapor 
pressure is required to maintain the same RH. Despite the recent progress on the numerical modelling 
of AEM fuel cell, the macro-homogeneous models are not sufficient to capture the subtle species and 
ionic transportations within the CL. Thus, a more sophisticated agglomerate model has been developed 
for proton exchange membrane (PEM) fuel cells [14-16] to account for a realistic CL composition and 
subtle transport phenomena within the CL. Recently, an agglomerate model for an AEM fuel cell [17] 
has been developed and compared to a macro-homogenous model for the same set of operating 
conditions [7]. The agglomerate model is shown to be capable of reproducing both losses and transport 
effects in the CL in a more accurate manner than the macro-homogenous model [17], and thus offering 
a more accurate prediction of the CD produced by the AEM fuel cell.   
 
Nevertheless, the influences of the CL composition on the overall performance of the fuel cell are yet 
to be explored in detail. Here, a three-dimensional multiphase numerical model for an AEM fuel cell 
(Pt Microelectrode/Tokuyama A201 interface) has been developed to address the aforementioned gap 
in the literature. Therefore, a parametric analysis has been performed in terms of elucidating the 
influences of the structural and operational parameters on the overall performance of the fuel cell.  
 
2. MODEL DEVELOPMENT  
2.1 Assumptions 
The assumptions made for this analysis are listed as follows: 
• The multi-component gaseous mixture is assumed to flow the ideal gas law in this numerical model 
[18]. 
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• The water of the electrochemical reaction is considered to be produced in the gaseous phase. If the 
partial pressure of water vapour rises over the saturation pressure, the condensation of water is 
considered. 
• A three-dimensional computational domain is considered in this study. The computational domain 
is taken to be composed of bipolar plate (BP), gas diffusion layer (GDL), CL and membrane, as 
shown in Figure 1. The physical dimensions of the fuel cell components are listed in Table 1. 
• Water is assumed to transport through the membrane in a dissolved phase. However, the membrane 
is considered to be impenetrable to all other species. 
• Despite the fact that some noble metals offer better performance in comparison to Pt [11], only Pt/C 
combination has been considered for CL composition in this analysis due to lack of data for 
alternative materials. 
• The volume change of the CL and swelling of the ionomer are ignored in this analysis for the purpose 
of simplicity. 
• A steady state regime is considered in this study. 
• As the typical Reynolds number based on the hydraulic diameter of the channel is of the order of 
100 [7], the flow is assumed to be laminar. 
 
                                                                                      a)                     b) 
Figure 1 – a) Two-dimensional representation of a typical AEMFC. b) Schematic representation of the 
boundaries and interfaces at the Z-Z’ plane.  
 
Parameter Value Unit 
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Thickness of GDL, 𝛿𝛿𝐺𝐺𝐺𝐺𝐺𝐺 2.0×10-4 m 
Thickness of CL, 𝛿𝛿𝐶𝐶𝐺𝐺 1.0×10-5  m 
Thickness of  membrane, 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 2.8×10-5  m 
Channel length, 𝑙𝑙 0.1  m 
Channel width, 𝑤𝑤𝑐𝑐 5.0×10-4  m 
Channel height, ℎ 1.0×10-3  m 
Rib width, 𝑤𝑤𝑟𝑟 5.0×10-4  m 
Intrinsic permeability of CL, 𝑘𝑘0,𝐶𝐶𝐺𝐺 6.2×10-13  m2 
Intrinsic permeability of GDL, 𝑘𝑘0,𝐺𝐺𝐺𝐺𝐺𝐺 6.2×10-12  m2 
Porosity of GDL, 𝜖𝜖𝐺𝐺𝐺𝐺𝐺𝐺 0.6  
 
Table 1 – List of dimensions [7] 
 
In addition, the continuum hypothesis remains valid for the heat, mass and momentum transports 
considered in the analysis (i.e. 𝐾𝐾𝑛𝑛~10−2 ) and thus standard Navier-Stokes equations for multi-
component mixture is taken to be governing equations.  
 
2.2 Mathematical framework 
2.2.1 Transport equations of gas mixture 
In the present model, Darcy’s Law and the Maxwell-Stefan equation are utilised to obtain the 
conservation equations of mass and species:  
−∇ ∙ (𝜌𝜌𝑔𝑔𝑢𝑢�⃗ 𝑔𝑔 )= −∇ ∙ �𝜌𝜌𝑔𝑔 𝑘𝑘0
𝜇𝜇𝑔𝑔
∇𝑝𝑝 � = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (1) 
−𝜌𝜌𝑔𝑔𝑢𝑢�⃗ 𝑔𝑔 ∙ ∇𝑌𝑌𝑖𝑖
𝑔𝑔 − ∇ ∙ �−𝜌𝜌𝑔𝑔 ∑ (1 − 𝑠𝑠)𝐷𝐷𝑖𝑖𝑖𝑖�∇𝑋𝑋𝑖𝑖𝑔𝑔 − 𝑌𝑌𝑖𝑖𝑔𝑔� ∇𝑝𝑝𝑝𝑝  𝑁𝑁𝑖𝑖=1 � = 𝑆𝑆𝑖𝑖𝑔𝑔  (2) 
where 𝜌𝜌𝑔𝑔 is the gas density, 𝑘𝑘0 is the permeability of the porous media, 𝜇𝜇𝑔𝑔 is the viscosity of the gas 
mixture, 𝑝𝑝 is the pressure,  𝑢𝑢�⃗ 𝑔𝑔 is the gaseous phase superficial velocity vector, 𝑌𝑌𝑖𝑖
𝑔𝑔 is the mass fraction 
of the 𝑖𝑖𝑃𝑃ℎ  species, 𝐷𝐷𝑖𝑖𝑖𝑖  is the binary diffusion coefficient, 𝑋𝑋𝑖𝑖
𝑔𝑔  is the mole fraction of the 𝑗𝑗𝑃𝑃ℎ  species, 
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𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑆𝑆𝑖𝑖
𝑔𝑔 are the source terms of mass and species in the gas phase, respectively. The second term 
on the left hand side involves is the volume fraction of liquid water, 𝑠𝑠, which accounts for the effects 
of flooding on reactant diffusion [19-21]. The binary diffusion related expressions and Lennard-Jones 
parameters are obtained from Xing et al. [20]. The species source terms are given as: 
𝑆𝑆𝐻𝐻2 = − 𝑖𝑖𝑎𝑎2𝐹𝐹𝑀𝑀𝐻𝐻2  (3) 
𝑆𝑆𝑂𝑂2 = − 𝑖𝑖𝑐𝑐4𝐹𝐹𝑀𝑀𝑂𝑂2  (4) 
𝑆𝑆𝐻𝐻2𝑂𝑂,𝑟𝑟𝑐𝑐 = − 𝑖𝑖𝑐𝑐2𝐹𝐹𝑀𝑀𝐻𝐻2𝑂𝑂  (5) 
𝑆𝑆𝐻𝐻2𝑂𝑂,𝑟𝑟𝑚𝑚 = 𝑖𝑖𝑎𝑎𝐹𝐹 𝑀𝑀𝐻𝐻2𝑂𝑂  (6) 
where 𝑀𝑀𝑖𝑖 is the molecular weight of the 𝑖𝑖𝑃𝑃ℎ species. The momentum transportation is governed by the 
Navier-Stokes equation: 
𝜌𝜌𝑔𝑔( 𝑢𝑢�⃗ 𝑔𝑔 ∙ ∇𝑢𝑢�⃗ 𝑔𝑔) + 𝜇𝜇𝑔𝑔 
𝑘𝑘0
𝑢𝑢�⃗ 𝑔𝑔 = −∇𝑝𝑝 + ∇ ∙ (?̿?𝜏)  (7) 
where ?̿?𝜏 is the viscous stress tensor.  
2.2.1.1 CL composition 
Here, the CL is assumed to be made up of three-dimensional spherical agglomerates. This is composed 
of three volume fractions: platinum dispersed carbon (𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶), ionomer volume fraction (𝐿𝐿𝑀𝑀) and the 
porous medium in the CL (𝜖𝜖𝐶𝐶𝐺𝐺). As one can see from Figure 2, the platinum dispersed carbon of radius  
𝑟𝑟𝑚𝑚𝑔𝑔𝑔𝑔 is covered by a layer of ionomer of 𝛿𝛿𝑀𝑀 thickness. As the reactants have to diffuse through the 
ionomer layer to reach the Pt/C sites, the concentration of the 𝑖𝑖𝑃𝑃ℎ species is defined at the gas and 
ionomer interface and at the ionomer and particle interface,  𝐶𝐶𝑖𝑖,𝑔𝑔/𝑀𝑀 and  𝐶𝐶𝑖𝑖,𝑀𝑀/𝑚𝑚, respectively.  
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Figure 2 – Schematic representation of the CL composition. The platinum dispersed carbon �𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶� of 
radius 𝑟𝑟𝑚𝑚𝑔𝑔𝑔𝑔 is covered by a layer of ionomer of thickness 𝛿𝛿𝑀𝑀. 
The composition of the CL is the sum of the three different volume fractions and is expressed as: 
𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶 + 𝐿𝐿𝑀𝑀 + 𝜖𝜖𝐶𝐶𝐺𝐺 = 1  (8) 
Based on the mass of Pt and C per unit of geometric area, 𝑚𝑚𝑃𝑃𝑃𝑃 and 𝑚𝑚𝐶𝐶 , respectively, the platinum and 
carbon ratio and the volume fraction of Pt/C are computed, respectively, by [22, 23]:  
𝑓𝑓 = 𝑚𝑚𝑃𝑃𝑃𝑃
𝑚𝑚𝑃𝑃𝑃𝑃+𝑚𝑚𝐶𝐶
= 𝑚𝑚𝑃𝑃𝑃𝑃/𝑚𝑚𝐶𝐶
𝑚𝑚𝑃𝑃𝑃𝑃/𝑚𝑚𝐶𝐶+1  (9) 
𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶 = � 1𝜌𝜌𝑃𝑃𝑃𝑃 + 1−𝑓𝑓𝑓𝑓𝜌𝜌𝐶𝐶�𝑚𝑚𝑃𝑃𝑃𝑃𝛿𝛿𝐶𝐶𝐶𝐶   (10) 
The thickness of the ionomer covering the platinum dispersed carbon is considered to be uniform and 
it is defined as: 
𝛿𝛿𝑀𝑀 = 𝑟𝑟𝑚𝑚𝑔𝑔𝑔𝑔 ��(1−𝜖𝜖𝐶𝐶𝐶𝐶)2+𝐺𝐺𝑃𝑃𝑃𝑃/𝐶𝐶𝜖𝜖𝐶𝐶𝐶𝐶(1−𝐺𝐺𝑀𝑀)𝐺𝐺𝑃𝑃𝑃𝑃/𝐶𝐶3 − 1�   (11) 
As the agglomerate model takes into account the composition of the CL, an effective specific area per 
unit CL volume is specified as follows:  
𝑎𝑎𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑚𝑚𝑓𝑓𝑓𝑓 = 3𝑚𝑚𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝜌𝜌𝑃𝑃𝑃𝑃𝛿𝛿𝐶𝐶𝐶𝐶𝐺𝐺𝑃𝑃𝑃𝑃/𝐶𝐶    (12) 
where the subscript 𝑐𝑐𝑙𝑙 corresponds to either anode (𝑎𝑎) or cathode (𝑐𝑐) side. Here, a constant platinum 
radius has been considered (=2.5 nm) as the electrochemical surface area for the base  case (105 m2 g-1 
Pt) does not vary significantly for the range of platinum on carbon ratio (%Pt) considered and therefore 
clustering has not been accounted for [24].  
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2.2.2 Current distribution 
The Ohm’s law is used to describe the current distribution of electronic and ionic potentials, 
respectively, as follows: 
−∇ ∙ �𝜅𝜅𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓∇𝜙𝜙𝑚𝑚� = 𝑆𝑆𝑚𝑚   (13) 
−∇ ∙ �𝜅𝜅𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓∇𝜙𝜙𝑚𝑚� = 𝑆𝑆𝑚𝑚    (14) 
where 𝜙𝜙𝑚𝑚 and 𝜙𝜙𝑚𝑚 are the electronic and ionic potentials, respectively; 𝜅𝜅𝑚𝑚
𝑚𝑚𝑓𝑓𝑓𝑓 and 𝜅𝜅𝑚𝑚
𝑚𝑚𝑓𝑓𝑓𝑓 are the effective 
conductivity of electrons and ions, respectively; 𝑆𝑆𝑚𝑚 and 𝑆𝑆𝑚𝑚 are the source terms for the electronic and 
ionic potential conservation equations, respectively, and they are defined as: 
𝑆𝑆𝑚𝑚 = � 𝑖𝑖𝑚𝑚 if 𝐴𝐴𝐶𝐶𝐿𝐿−𝑖𝑖𝑐𝑐 if 𝐶𝐶𝐶𝐶𝐿𝐿   (15) 
𝑆𝑆𝑚𝑚 = �−𝑖𝑖𝑚𝑚 if 𝐴𝐴𝐶𝐶𝐿𝐿𝑖𝑖𝑐𝑐 if 𝐶𝐶𝐶𝐶𝐿𝐿   (16) 
Due to the dependency of electronic and ionic diffusion coefficients on the CL composition, both are 
corrected as [25]: 
𝜅𝜅𝑚𝑚
𝑚𝑚𝑓𝑓𝑓𝑓 = �𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶�1.5𝜅𝜅𝑚𝑚 (17) 
𝜅𝜅𝑚𝑚
𝑚𝑚𝑓𝑓𝑓𝑓 = 𝐿𝐿𝑀𝑀1.5 𝜅𝜅𝑚𝑚 (18) 
where 𝜅𝜅𝑚𝑚  and 𝜅𝜅𝑚𝑚  are the electronic and ionic conductivities, respectively. The ionic conductivity 
measured by Duan et al. [3] is described as a function of the membrane water content, 𝜆𝜆, as: 
𝜅𝜅𝑚𝑚 = (−8𝑥𝑥10−8𝜆𝜆5 + 1𝑥𝑥10−5𝜆𝜆4 − 4𝑥𝑥10−4𝜆𝜆3 + 7.4𝑥𝑥10−3𝜆𝜆2 + 0.024𝜆𝜆 − 0.035) × 4.4  (19) 
As the ion mobility of OH−  is higher than the HCO3− , the ionic conductivity has to be corrected 
accordingly. In his study, the ionic mobility is corrected by a factor of 4.4 [26]. The effects of water 
chemical potential gradient on hydroxide flux have not been specifically considered, as it is intrinsically 
taken into account as the ionic diffusivity was obtained from experimental data [3]. 
 
Parameter Value Unit 
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Thermal conductivity of CL, 𝑘𝑘𝐶𝐶𝐺𝐺 1.0  W m-1 K-1 
Thermal conductivity of GDL, 𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺 1.0 W m-1 K-1 
Thermal conductivity of membrane, 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 0.95 W m-1 K-1 
Thermal conductivity of BP, 𝑘𝑘𝐵𝐵𝑃𝑃 20.0 W m-1 K-1 
Electrical conductivity in CL, 𝜅𝜅𝑚𝑚,𝐶𝐶𝐺𝐺 750.0 S m-1 
Electrical conductivity in GDL, 𝜅𝜅𝑚𝑚,𝐺𝐺𝐺𝐺𝐺𝐺 750.0 S m-1 
Electrical conductivity in BP, 𝜅𝜅𝑚𝑚,𝐵𝐵𝑃𝑃 20000.0 S m-1 
Specific heat of CL, 𝐶𝐶𝑝𝑝,𝐶𝐶𝐺𝐺 3300.0  J kg-1 K-1 
Specific heat of GDL, 𝐶𝐶𝑝𝑝,𝐺𝐺𝐺𝐺𝐺𝐺 568.0 J kg-1 K-1 
Specific heat of membrane, 𝐶𝐶𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 833.0 J kg-1 K-1 
Specific heat of BP, 𝐶𝐶𝑝𝑝,𝐵𝐵𝑃𝑃 1580.0 J kg-1 K-1 
Liquid water density, 𝜌𝜌𝑐𝑐 970.0  kg m-3 
Contact angle, 𝜃𝜃 100  (°) 
Dry density membrane, 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 1092.7  kg m-3 
Equivalent weight, 𝐸𝐸𝐸𝐸 588.24  kg kmol-1 
Evaporation/Condensation rates, 𝛾𝛾𝑚𝑚𝑒𝑒𝑚𝑚𝑝𝑝,𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 100.0  s-1 
Sorption/Desorption rates, 𝜁𝜁𝑚𝑚𝑚𝑚𝑚𝑚 1.0  s-1 
Entropy change of reaction in anode, Δ𝑆𝑆 324000.0 J kmol-1 K-1 
Condensation latent heat, ℎ𝑐𝑐𝑚𝑚𝑃𝑃 2.395×106  J kg-1 
 
Table 2 – List of physical properties [7] 
 
2.2.3 Electrochemical reaction on the catalyst surface 
The CD on the anode and cathode sides are specified in the following manner [17]:  
𝑖𝑖𝑚𝑚 = 2𝐹𝐹 �𝑝𝑝𝐻𝐻2𝐻𝐻𝐻𝐻2�0.5 � 1𝐸𝐸𝑟𝑟,𝑎𝑎𝑘𝑘𝑎𝑎 + �𝑟𝑟𝑎𝑎𝑔𝑔𝑔𝑔+𝛿𝛿𝑀𝑀�𝛿𝛿𝑀𝑀𝑚𝑚𝑎𝑎𝑔𝑔𝑔𝑔𝑟𝑟𝑎𝑎𝑔𝑔𝑔𝑔𝐺𝐺𝐻𝐻2−𝑀𝑀�−1 (for anode) (20) 
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𝑖𝑖𝑐𝑐 = 4𝐹𝐹 𝑝𝑝𝑂𝑂2𝐻𝐻𝑂𝑂2 � 1𝐸𝐸𝑟𝑟,𝑐𝑐𝑘𝑘𝑐𝑐 + �𝑟𝑟𝑎𝑎𝑔𝑔𝑔𝑔+𝛿𝛿𝑀𝑀�𝛿𝛿𝑀𝑀𝑚𝑚𝑎𝑎𝑔𝑔𝑔𝑔𝑟𝑟𝑎𝑎𝑔𝑔𝑔𝑔𝐺𝐺𝑂𝑂2−𝑀𝑀�−1(for cathode) (21) 
where 𝐹𝐹 is the Faraday constant (96487000 C kmol-1); the Henry’s constant for hydrogen and oxygen 
are 𝑅𝑅𝐻𝐻2  and 𝑅𝑅𝑂𝑂2 , respectively; 𝑝𝑝𝐻𝐻2  and 𝑝𝑝𝑂𝑂2  are the partial pressure of hydrogen and oxygen, 
respectively; 𝐷𝐷𝐻𝐻2−𝑀𝑀  and 𝐷𝐷𝑂𝑂2−𝑀𝑀  are the hydrogen and oxygen diffusion coefficient through the 
ionomer. The effective specific agglomerate surface area, 𝑎𝑎𝑚𝑚𝑔𝑔𝑔𝑔, is defined as [19]: 
𝑎𝑎𝑚𝑚𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑃𝑃𝑃𝑃𝐴𝐴𝑠𝑠𝛿𝛿𝐶𝐶𝐶𝐶 (1−𝜖𝜖𝐶𝐶𝐶𝐶)𝐺𝐺𝑃𝑃𝑃𝑃/𝐶𝐶   (22) 
where the surface area per unit of platinum mass, 𝐴𝐴𝑚𝑚, is [16]: 
𝐴𝐴𝑚𝑚 = (227.79𝑓𝑓3 − 158.57𝑓𝑓2 − 201.53𝑓𝑓 + 159.5) × 103    (23) 
To measure the utilisation of the CL, an effectiveness factor, 𝐸𝐸𝑟𝑟, is defined as:  
𝐸𝐸𝑟𝑟,𝑐𝑐𝑐𝑐 = 1𝜙𝜙𝐶𝐶 � 1tanh(3𝜙𝜙𝐶𝐶) − 13𝜙𝜙𝐶𝐶�  (24) 
where 𝜙𝜙𝐺𝐺 (Thiele’s modulus) is given by: 
𝜙𝜙𝐺𝐺,𝑐𝑐𝑐𝑐 = 𝑟𝑟𝑎𝑎𝑔𝑔𝑔𝑔3 � 𝑘𝑘𝑐𝑐𝑐𝑐𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐  (25) 
The 𝐷𝐷𝑚𝑚𝑓𝑓𝑓𝑓  is the effective diffusion of hydrogen and oxygen in the ionomer medium, and they are 
expressed as: 
𝐷𝐷𝑚𝑚𝑓𝑓𝑓𝑓,𝑚𝑚 = 𝐷𝐷𝐻𝐻2−𝑀𝑀𝐿𝐿𝑀𝑀1.5  (for anode) (26) 
𝐷𝐷𝑚𝑚𝑓𝑓𝑓𝑓,𝑐𝑐 = 𝐷𝐷𝑂𝑂2−𝑀𝑀𝐿𝐿𝑀𝑀1.5   (for cathode) (27) 
The species diffusion through the ionomer is explained later in this paper. The reaction rate coefficient, 
𝑘𝑘𝑐𝑐𝑐𝑐, is expressed as [17]: 
𝑘𝑘𝑚𝑚 = �𝑚𝑚𝑃𝑃𝑃𝑃,𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒2𝐹𝐹 � � 𝑖𝑖0,𝑎𝑎𝑟𝑟𝑒𝑒𝑒𝑒�𝐶𝐶𝐻𝐻2𝑟𝑟𝑒𝑒𝑒𝑒�0.5� �exp �𝑐𝑐𝑛𝑛𝑎𝑎𝐹𝐹𝑅𝑅𝑅𝑅 𝜂𝜂� − exp �𝑐𝑐(1−𝑛𝑛𝑎𝑎)𝐹𝐹𝑅𝑅𝑅𝑅 𝜂𝜂��  (28) 
𝑘𝑘𝑐𝑐 = �𝑚𝑚𝑃𝑃𝑃𝑃,𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒4𝐹𝐹 � �𝑖𝑖0,𝑐𝑐𝑟𝑟𝑒𝑒𝑒𝑒𝐶𝐶𝑂𝑂2𝑟𝑟𝑒𝑒𝑒𝑒� �exp �𝑐𝑐𝑛𝑛𝑐𝑐𝐹𝐹𝑅𝑅𝑅𝑅 𝜂𝜂� − exp �𝑐𝑐(1−𝑛𝑛𝑐𝑐)𝐹𝐹𝑅𝑅𝑅𝑅 𝜂𝜂��  (29) 
where  𝐶𝐶𝐻𝐻2
𝑟𝑟𝑚𝑚𝑓𝑓 and 𝐶𝐶𝑂𝑂2
𝑟𝑟𝑚𝑚𝑓𝑓 are the reference molar concentrations of hydrogen and oxygen, respectively; 
𝑗𝑗0,𝑚𝑚𝑟𝑟𝑚𝑚𝑓𝑓 and 𝑗𝑗0,𝑐𝑐𝑟𝑟𝑚𝑚𝑓𝑓 are the exchange current densities at the anode and cathode side, respectively; 𝛼𝛼𝑚𝑚 and 𝛼𝛼𝑐𝑐 
are the anodic and cathodic charge transfer coefficients, respectively; 𝑛𝑛 is the number of electrons 
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simultaneously release or uptake; 𝑅𝑅 is the universal gas constant (8.314 kJ kmol-1 K-1); T is the absolute 
temperature in K and 𝜂𝜂 is the overpotential. In this study, the approach used by Hao et al. [27] to 
evaluate the overpotential is considered. The overpotential is expressed as: 
𝜂𝜂 = 𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚  (30) 
The electrochemical kinetics parameters used to perform the numerical simulation are presented in 
Table 3. 
Parameters Anode Cathode Reference Unit 
Reference current density, 𝑗𝑗0
𝑟𝑟𝑚𝑚𝑓𝑓 6.815 5.72×10-5 [28, 29] A m-2Pt 
Hydrogen reference concentration, 𝐶𝐶𝐻𝐻2
𝑟𝑟𝑚𝑚𝑓𝑓 0.0564 - [28, 29] kmol m-3 
Oxygen reference concentration, 𝐶𝐶𝑂𝑂2
𝑟𝑟𝑚𝑚𝑓𝑓 - 0.00339 [28, 29] kmol m-3 
Transfer coefficient, 𝛼𝛼𝑛𝑛 0.5 1.0 [30, 31]  
Radius of agglomerate, 𝑟𝑟𝑚𝑚𝑔𝑔𝑔𝑔 1×10-6 1×10-6 [14] m 
Radius of platinum, 𝑟𝑟𝑃𝑃𝑃𝑃 2.5×10-9 2.5×10-9 [14] m 
 
Table 3 – Electrochemical parameters [14, 28-31] 
 
2.2.4 Species transportation in the CL 
The diffusion of species in the void zone of the CL is governed by Eq. (2). The species diffusion through 
the ionomer layer is slower in comparison to the species diffusion in the void region. The measurements 
of hydrogen and oxygen diffusion coefficients for the commercial Tokuyama A201 membrane are still 
an unexplored area in the literature. Therefore,  the hydrogen and oxygen diffusion coefficients for 
Nafion™ measured by Bernardi et al. [32] and  Parthasarathy et al. [33], respectively, are used in this 
study. Thus, hydrogen and oxygen diffusivities (m2 s-1) are expressed as [14]: 
𝐷𝐷𝐻𝐻2−𝑀𝑀 = 0.00000041 exp �−2602.0𝑅𝑅 �  (31) 
2.2.5 Membrane water content 
𝐷𝐷𝑂𝑂2−𝑀𝑀 = 0.00000438 exp �−25000𝑅𝑅𝑅𝑅 �  (32) 
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The membrane water content governing equation is given as [27]: 
−∇ ∙ �Ddeff∇𝜆𝜆� + ∇ ∙ � 𝐸𝐸𝐸𝐸𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚 𝑐𝑐𝑑𝑑𝐹𝐹 𝐽𝐽𝑚𝑚� = 𝑆𝑆𝐻𝐻2𝑂𝑂𝑑𝑑   (33) 
where 𝐷𝐷𝑑𝑑 is the diffusivity of the membrane water content; 𝐸𝐸𝐸𝐸 is the equivalent molecular weight of 
the membrane in a dry condition; 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚  is the membrane density; 𝑆𝑆𝐻𝐻2𝑂𝑂
𝑑𝑑  is the source term of the 
membrane water content. The source term describes the sorption and desorption within the CL and it is 
computed as: 
𝑆𝑆𝐻𝐻2𝑂𝑂
𝑑𝑑 = 𝜁𝜁𝑚𝑚𝑚𝑚𝑚𝑚(𝜆𝜆𝑚𝑚 − 𝜆𝜆)  (34) 
 The diffusion of the water in the CL has to be corrected by the volume fraction of ionomer within the 
CL domain, which is achieved by: 
where 𝐷𝐷𝑑𝑑 is the diffusion coefficient of water membrane content, which is expressed as [34]: 
𝐷𝐷𝑑𝑑 =
⎩
⎨
⎧
(0.0051𝜆𝜆𝑇𝑇0 − 1.44𝜆𝜆)×10−10 0.0 ≤ 𝜆𝜆 ≤ 14.0
�
(−23.2404 + 4.513𝜆𝜆 − 0.28926𝜆𝜆2 + 0.006131𝜆𝜆3)(𝑇𝑇0 − 303.15)
−79.826 + 17.928𝜆𝜆 − 1.3329𝜆𝜆2 + 0.03337𝜆𝜆3 �×10−10 14.0 < 𝜆𝜆 ≤ 19.0[(−41.916 + 0.00613𝜆𝜆3)(𝑇𝑇0 − 303.15) + 8.5139]×10−10 𝜆𝜆 > 19.0    (36) 
From experiments, the electro-osmotic drag coefficient, 𝑛𝑛𝑑𝑑, is measured and the following expression 
is used to describe it [1, 35]: 
𝑛𝑛𝑑𝑑 = 0.183𝜆𝜆 + 1.3  (37) 
The membrane water content in an equilibrium hydration state, 𝜆𝜆𝑚𝑚, was extrapolated from Bharath et 
al. [36] and it is evaluated as: 
𝜆𝜆𝑚𝑚 = �18.385√𝑎𝑎 + 5.8955𝑎𝑎 + 0.8161�𝛾𝛾𝑚𝑚  (38) 
where 𝛾𝛾𝑚𝑚 is the ionomer water content factor. Further explanation about this term is provided later in 
this paper. The water activity, 𝑎𝑎, is defined as function of vapour and saturated water pressures in the 
following manner: 
𝑎𝑎 = 𝑋𝑋𝐻𝐻2𝑂𝑂𝑝𝑝𝑔𝑔
𝑝𝑝𝑠𝑠𝑎𝑎𝑃𝑃
   (39) 
2.2.6 Liquid water fraction 
𝐷𝐷𝑑𝑑
𝑚𝑚𝑓𝑓𝑓𝑓 = 𝐿𝐿𝑀𝑀1.5𝐷𝐷𝑑𝑑  (35) 
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By applying the Darcy’s law for both vapour and liquid phases and also considering a volume-averaging 
approach, the liquid water conservation equation can be expressed as [27]: 
∇ ∙ �−
𝜌𝜌𝑐𝑐𝑚𝑚3
𝜇𝜇𝑐𝑐
𝑑𝑑𝑃𝑃𝑐𝑐
𝑑𝑑𝑚𝑚
  �∇𝑠𝑠 + ∇ ∙ 𝜌𝜌𝑐𝑐𝜇𝜇𝑔𝑔𝑚𝑚3
𝜇𝜇𝑐𝑐(1−𝑚𝑚)3 𝑢𝑢�⃗ 𝑔𝑔 = 𝑆𝑆𝐻𝐻2𝑂𝑂𝑐𝑐   (40) 
where 𝜌𝜌𝑐𝑐 is the liquid water density; 𝜇𝜇𝑐𝑐 is the dynamic viscosities of liquid; 𝑠𝑠 is the volume fraction of 
liquid water. The source term of liquid water, 𝑆𝑆𝐻𝐻2𝑂𝑂
𝑐𝑐 , is responsible for taking into account the 
condensation or evaporation phenomena, which might occur depending on the partial pressure of the 
water vapour and saturation pressure. Thus, the source term of the liquid water governing equation is 
defined as: 
𝑆𝑆𝑒𝑒𝑐𝑐 = �𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝜖𝜖(1 − 𝑠𝑠) 𝑀𝑀𝐻𝐻2𝑂𝑂𝑅𝑅𝑅𝑅 �𝑝𝑝𝐻𝐻2𝑂𝑂 − 𝑝𝑝𝑚𝑚𝑚𝑚𝑃𝑃� if 𝑝𝑝𝐻𝐻2𝑂𝑂 ≥ 𝑝𝑝𝑚𝑚𝑚𝑚𝑃𝑃
𝛾𝛾𝑚𝑚𝑒𝑒𝑚𝑚𝑝𝑝𝜖𝜖𝑠𝑠
𝑀𝑀𝐻𝐻2𝑂𝑂
𝑅𝑅𝑅𝑅
�𝑝𝑝𝐻𝐻2𝑂𝑂 − 𝑝𝑝𝑚𝑚𝑚𝑚𝑃𝑃� if 𝑝𝑝𝐻𝐻2𝑂𝑂 < 𝑝𝑝𝑚𝑚𝑚𝑚𝑃𝑃   (41) 
where 𝑝𝑝𝑚𝑚𝑚𝑚𝑃𝑃  is the vapour saturation pressure, which can be obtained by the use of the following 
empirical expression [37]: 
log10 � 𝑝𝑝𝑠𝑠𝑎𝑎𝑃𝑃101325�  = −2.1794 + 0.02953(𝑇𝑇 − 273.15) − 9.1837×10−5(𝑇𝑇 − 273.15)2 +                                                                                             1.4454×10−7(𝑇𝑇 − 273.15)3   (42) 
The Leverett-J function [38, 39] is used to calculate the capillary pressure and it is expressed as: 
𝑃𝑃𝑐𝑐 = �σ cos𝜃𝜃 � 𝜖𝜖𝑘𝑘0�0.5 [1.42(1 − 𝑠𝑠) − 2.12(1 − 𝑠𝑠)2 + 1.26(1 − 𝑠𝑠)3] if 𝜃𝜃 ≤ 90°
σ cos𝜃𝜃 � 𝜖𝜖
𝑘𝑘0
�
0.5 [1.42𝑠𝑠 − 2.12𝑠𝑠2 + 1.26𝑠𝑠3] if 𝜃𝜃 > 90°  (43) 
where 𝜎𝜎 is the surface tension coefficient and 𝜃𝜃 is the contact angle.  
2.2.7 Energy equation 
The conservation equation of energy of a steady state multi-phase flow in porous media is expressed 
as:  
∇ ∙ �𝑢𝑢�⃗ 𝑔𝑔�𝜌𝜌𝑔𝑔𝐸𝐸𝑔𝑔 + 𝑝𝑝𝑔𝑔�� = ∇ ∙ �𝑘𝑘𝑚𝑚𝑓𝑓𝑓𝑓∇𝑇𝑇 − �∑ ℎ𝑖𝑖𝑁𝑁�⃗ 𝑖𝑖𝑖𝑖  � + (?̿?𝜏 ∙ 𝑢𝑢�⃗ 𝑔𝑔)� + 𝑆𝑆𝐸𝐸   (44) 
where 𝑘𝑘𝑚𝑚𝑓𝑓𝑓𝑓 is the effective conductivity; 𝐸𝐸𝑔𝑔 is the total energy in the gaseous phase; ℎ𝑖𝑖 is the sensible 
enthalpy for the 𝑖𝑖th species; 𝑁𝑁�⃗ 𝑖𝑖 is the diffusion flux of the 𝑖𝑖𝑃𝑃ℎ species. The source term, 𝑆𝑆𝐸𝐸, is associated 
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to four different sources of heat: reversible heat, irreversible heat, Ohmic heat and latent heat. The 
reversible heat source at the cathode CL was neglected in this study as the entropy of ORR at the cathode 
CL (-161.2 J mol-1 K-1) is significantly smaller than the entropy of HOR at the anode CL (324.0 J mol-
1 K-1) [40]. The reversible heat source is only present at the ACL and it is evaluated as: 
𝑆𝑆𝐸𝐸,𝑟𝑟𝑚𝑚𝑒𝑒 = 𝑖𝑖𝑚𝑚 𝑅𝑅Δ𝑆𝑆2𝐹𝐹   (45) 
The irreversible heat source is present at both ACL and CCL and it is described as:  
𝑆𝑆𝐸𝐸,𝑖𝑖𝑟𝑟𝑟𝑟 = 𝑖𝑖|𝜂𝜂|   (46) 
The Ohmic heat is consequence of the resistance of electrons and ions transportation within the domain.  
Thus, the Ohmic heat source due to electrons and ions is defined as:  
In addition to the aforementioned heat sources, the heat generation due to the latent heat in the 
condensation, evaporation, adsorption and desorption phenomena is also considered in this study. Thus, 
the latent heat source is described as: 
2.2.8 Boundary conditions 
A representation of the boundaries and interfaces present in this study are represented in Figure 1. In 
this study, hydrogen and air are supplied at different RH conditions at the anode and cathode flow 
channel inlets, respectively. Thus, at the inlet of anode (B-C) and cathode (H-I) flow channels, the 
hydrogen and oxygen molar concentrations are defined, respectively, as: 
 where 𝑝𝑝𝑚𝑚 and 𝑝𝑝𝑐𝑐 are the inlet pressure at the anode and cathode, respectively. The relativity humidity (𝑅𝑅𝑅𝑅) and the operating temperature (𝑇𝑇0) are also specified at the anode and cathode inlets. Based on 
the molar concentrations of hydrogen and oxygen, the mass flow rates at anode (B-C) and cathode (H-
I) sides are computed, respectively, as: 
𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚𝑆𝑆 = �𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚𝑆𝑆 + 𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚𝑚𝑚 � = �‖∇𝜙𝜙𝑚𝑚‖2𝜅𝜅𝑆𝑆𝑚𝑚𝑓𝑓𝑓𝑓 + ‖∇𝜙𝜙𝑚𝑚‖2𝜅𝜅𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓�  (47) 
𝑆𝑆𝐸𝐸,𝑐𝑐𝑚𝑚𝑃𝑃 = (𝑆𝑆𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚/𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑆𝑆𝐸𝐸𝑚𝑚𝑐𝑐𝑟𝑟/𝑑𝑑𝑚𝑚𝑚𝑚) = ℎ𝑐𝑐𝑚𝑚𝑃𝑃 �𝑆𝑆𝑒𝑒𝑐𝑐 − 𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚𝐸𝐸𝐸𝐸 𝑀𝑀𝐻𝐻2𝑂𝑂𝑆𝑆𝑒𝑒𝑑𝑑�  (48) 
𝐶𝐶𝐻𝐻2 = (𝑝𝑝𝑎𝑎−𝑅𝑅𝐻𝐻 𝑝𝑝𝑠𝑠𝑎𝑎𝑃𝑃)𝑅𝑅𝑅𝑅0   (49) 
𝐶𝐶𝑂𝑂2 = 0.21(𝑝𝑝𝑐𝑐−𝑅𝑅𝐻𝐻 𝑝𝑝𝑠𝑠𝑎𝑎𝑃𝑃)𝑅𝑅𝑅𝑅0   (50) 
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?̇?𝑚𝑚𝑚 = 𝜌𝜌𝑎𝑎𝑔𝑔𝜉𝜉𝑎𝑎𝐼𝐼𝑟𝑟𝑒𝑒𝑒𝑒𝐴𝐴2𝐹𝐹𝐶𝐶𝐻𝐻2   (51) 
?̇?𝑚𝑐𝑐 = 𝜌𝜌𝑎𝑎𝑔𝑔𝜉𝜉𝑐𝑐𝐼𝐼𝑟𝑟𝑒𝑒𝑒𝑒𝐴𝐴4𝐹𝐹𝐶𝐶𝑂𝑂2   (52) 
where 𝜉𝜉𝑚𝑚 (=1.1) and 𝜉𝜉𝑐𝑐 (=2.0) are the stoichiometry ratios of anode and cathode, respectively; 𝐼𝐼𝑟𝑟𝑚𝑚𝑓𝑓 (1.5 
A m-2) is the reference CD; 𝐴𝐴 is the active reaction area; 𝜌𝜌𝑚𝑚
𝑔𝑔 and 𝜌𝜌𝑐𝑐
𝑔𝑔 are the densities of the gas mixture 
at the anode and cathode inlets, respectively. The stoichiometry ratios for both anode and cathode side 
and the reference CD have been kept unchanged for all the cases in this study. In addition to that, no-
slip boundary condition is specified at walls in contact with fluid in gaseous phase. With the respect of 
the energy equation, a convective heart transfer boundary condition is applied at the top (A-A’) and 
bottom (J-J’) of anode and cathode electrodes. In this study, the free stream temperature and heat 
transfer coefficient are taken to be 𝑇𝑇0 and 100 W m-2 K-1 , respectively [41]. 
The electronic potential boundary condition is defined accordingly to the approach adopted by Wu et 
al. [27]. Thus, the boundary conditions for the electronic potentials at the top and bottom surfaces of 
the anode (A-A’) and cathode (J-J’) electrode, respectively, are:  
𝜙𝜙𝑚𝑚
𝑚𝑚 = 𝑉𝑉𝑟𝑟𝑚𝑚𝑒𝑒 − 𝑉𝑉𝑐𝑐𝑜𝑜𝑃𝑃  (for anode) (53) 
𝜙𝜙𝑚𝑚
𝑐𝑐 = 0.0 (for cathode) (54) 
where 𝑉𝑉𝑟𝑟𝑚𝑚𝑒𝑒 is the theoretical reversible voltage [7] and 𝑉𝑉𝑐𝑐𝑜𝑜𝑃𝑃 is the output voltage. A zero-flux in the 
normal direction is specified as the boundary condition for all other variables, which are not mentioned 
in this section. Continuity conditions have been applied at domain interfaces for all the variables. In 
addition to that, as shown in Figure 1, symmetry boundary condition is applied at the boundary (A-J).  
 
2.2.9 Numerical procedure 
In this study, the commercial software ANSYS Fluent has been used to solve the governing equations 
in a coupled manner. The finite-volume method has been used for solving the discretised equations, and 
the SIMPLE algorithm was used to link velocity and pressure. The diffusive and convective terms were 
discretised using the second order central difference and upwind schemes, respectively. A detailed mesh 
independence analysis has been carried out and nine different mesh configurations were tested. The 
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mesh used in this study has 10, 15 and 100 volumes in 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 directions, respectively, and exhibited 
a numerical uncertainty of 2.82%. Further details regarding the uncertainties can be found in [17]. 
Further details regarding the mesh characterization are found in Table 4. In addition to that, the 
validation of the numerical model can also be obtained in [7, 17] and it was carried out by comparing 
of the numerical results with experimental data [42-44]. 
 
 ∅𝒙𝒙 ∅𝒚𝒚 ∅𝒛𝒛 𝑟𝑟𝑥𝑥 𝑟𝑟𝑦𝑦 𝑟𝑟𝑧𝑧 
BP 
0.1 
2.643×10-5 
0.01 1 
1.211 
1 
FC 2.643×10-5 1.211 
GDL 5.286×10-6 1.211 
CL 2.643×10-7 1.211 
Membrane 7.400×10-7 1.211 
 
Table 4 – Non-dimensional minimum cell distance (i.e. ∅ = ∆𝑚𝑚𝑖𝑖𝑐𝑐,𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙/𝑅𝑅  where 𝑅𝑅  is the largest 
dimension in the direction in question) and grid expansion ratio (𝑟𝑟) values for the selected mesh. 
 
3. RESULTS AND DISCUSSION  
A three-dimensional agglomerate model for an AEM fuel cell has been utilised to analyse the effects of 
the operating conditions and key material parameters on the overall performance of the fuel cell. Here, 
the RH at the inlets, the water content and the physical properties of the CL such as platinum and carbon 
loading and ionomer volume fraction are varied to find an optimum trade-off between various fuel cell 
losses arising from these parameters change (i.e. mass transport, ionic resistance and kinetic losses). 
Moreover, the fuel cells considered here are meant to be working based on air because that is more 
realistic. Thus, a change in RH will not only change the concentration of oxygen but also for nitrogen.  
In this study, a co-flow regime is considered, therefore, the flows at the anode and cathode flow channel 
inlets are directed in the same directions. The source terms and their respective domains are presented 
in Table 5 and the different cases and the values used in this detailed parametric analysis are presented 
in Table 6. The parameters for the base case and their parametric variations in Table 6 are chosen based 
on averages of the operating conditions and material properties provided in the existing literature (𝑚𝑚𝐶𝐶 
[45], 𝑚𝑚𝑃𝑃𝑃𝑃 [20, 46], 𝐿𝐿𝑀𝑀 [47] and RH [48]). 
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Conservation 
Equation 
Source 
term ACL CCL 
Anode 
GDL 
Cathode 
GDL M BP FC 
Eq. (1) 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑆𝑆𝐻𝐻2 𝑔𝑔 + 𝑆𝑆𝐻𝐻2𝑂𝑂𝑔𝑔  𝑆𝑆𝑂𝑂2 𝑔𝑔 + 𝑆𝑆𝐻𝐻2𝑂𝑂𝑔𝑔  𝑆𝑆𝐻𝐻2𝑂𝑂𝑔𝑔  − − − − 
Eq. (2) 𝑆𝑆𝐻𝐻2
𝑔𝑔  𝑆𝑆𝐻𝐻2  − − − − − − 
Eq. (2) 𝑆𝑆𝑂𝑂2
𝑔𝑔  − 𝑆𝑆𝑂𝑂2  − − − − − 
Eq. (2) 
𝑆𝑆𝐻𝐻2𝑂𝑂
𝑔𝑔  
𝑆𝑆𝐻𝐻2𝑂𝑂,𝑟𝑟𝑚𝑚 − 𝑆𝑆𝑒𝑒𝑐𝑐+ 𝑆𝑆𝐻𝐻2𝑂𝑂𝑑𝑑 𝑀𝑀𝐻𝐻2𝑂𝑂 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸  𝑆𝑆𝐻𝐻2𝑂𝑂,𝑟𝑟𝑐𝑐+ 𝑆𝑆𝐻𝐻2𝑂𝑂𝑑𝑑 𝑀𝑀𝐻𝐻2𝑂𝑂 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸  −𝑆𝑆𝑒𝑒𝑐𝑐 − − − − 
Eq. (13) 𝑆𝑆𝑚𝑚 𝑆𝑆𝑚𝑚 𝑆𝑆𝑚𝑚 − − − − − 
Eq. (14) 𝑆𝑆𝑚𝑚 𝑆𝑆𝑚𝑚 𝑆𝑆𝑚𝑚 − − − − − 
Eq. (33) 𝑆𝑆𝐻𝐻2𝑂𝑂
𝑑𝑑  −𝑆𝑆𝐻𝐻2𝑂𝑂
𝑑𝑑  −𝑆𝑆𝐻𝐻2𝑂𝑂
𝑑𝑑  − − − − − 
 Eq. (40) 𝑆𝑆𝐻𝐻2𝑂𝑂
𝑐𝑐  𝑆𝑆𝑒𝑒𝑐𝑐 − 𝑆𝑆𝑒𝑒𝑐𝑐 − − − − 
Eq. (44) 
𝑆𝑆𝐸𝐸 
𝑆𝑆𝐸𝐸,𝑟𝑟𝑚𝑚𝑒𝑒 + 𝑆𝑆𝐸𝐸,𝑖𝑖𝑟𝑟𝑟𝑟 +
𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚 + 𝑆𝑆𝐸𝐸,𝑐𝑐𝑚𝑚𝑃𝑃   𝑆𝑆𝐸𝐸,𝑖𝑖𝑟𝑟𝑟𝑟 + 𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚+ 𝑆𝑆𝐸𝐸,𝑐𝑐𝑚𝑚𝑃𝑃 𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚 +𝑆𝑆𝐸𝐸,𝑐𝑐𝑚𝑚𝑃𝑃  𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚  𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚    𝑆𝑆𝐸𝐸,𝑐𝑐ℎ𝑚𝑚  − 
 
Table 5 – Source terms for the conservation equations. Grey cell represents the conservation equation 
is not solved in the respective domain. 
 
 𝑅𝑅𝑅𝑅𝑚𝑚 (%) 𝑅𝑅𝑅𝑅𝑐𝑐  (%) 𝛾𝛾𝑚𝑚 𝑚𝑚𝑃𝑃𝑃𝑃 (kg m-2) 𝑚𝑚𝐶𝐶 (kg m-2) 𝐿𝐿𝑀𝑀 𝛿𝛿𝐶𝐶𝐺𝐺  (m) 
Case 1 95 
50 
1.0 
0.004 
0.006 
0.22 
1.00×10-5 
Case 2 50 
Case 3 50 95 
Case 4 70 70 
Case 5 
95 50 
1.5 
Case 6 2.0 
Case 7 
1.0 
0.006 
Case 8 0.01 
Case 9 
0.004 
0.016 2.39×10-5 
Case 10 0.0026 4.29×10-6 
Case 11 
0.006 
0.15 
1.00×10-5 
Case 12 0.30 
Case 13 0.15 7.82×10-6 
Case 14 0.30 1.17×10-5 
 
Table 6 – Simulation cases. Case 1 is the base case. Grey cells represent the different values used in 
this parametric analysis [20, 45-48]. 
 
3.1 RH (Cases 1-4) 
As presented in the Eqs. (49) and (50), the operating RH is considered to define the boundary condition 
of anode and cathode flow channel inlets, respectively. In agreement with previous results [6], as can 
be seen from Figure 3, supplying higher RH mixture at the anode flow channel inlet in comparison to 
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the cathode flow channel inlet is proving to be beneficial to the overall performance of the fuel cell. For 
the cell voltage of 0.4 V, the highest CD (0.762 A cm-2) is obtained for the Case 1 (𝑅𝑅𝑅𝑅𝑚𝑚 = 95 % ,𝑅𝑅𝑅𝑅𝑐𝑐 = 50 %). In this case, due to the higher RH at the ACL in comparison to the CCL, 
the BD phenomenon is observed and water diffuses from the anode to the cathode, as can be seen from 
Figure 4 where the spatial distribution of 𝑅𝑅𝑅𝑅 on both anode and cathode sides of the CL and GDL are 
shown at different axial locations. Water transport from the ACL to the CCL as a result of a water BD 
increases the average membrane water content. This, in turn, has a positive impact on the ionic 
conductivity through Eq. (19). The increase in 𝑅𝑅𝑅𝑅 on the cathode side in the axial direction in Figure 4 
indicates a net positive water flow rate (=53.49 kg m-3s-1) in the CCL, which suggests that the BD 
phenomenon overcomes the water consumption due to the electrochemical reaction. In addition to that, 
an average oxygen partial pressure at the CCL was observed to be 11.1 Pa. This water eventually gets 
transported to the ACL due to the osmotic drag. On the anode side, condensation of water vapour is 
observed in Case 1 from halfway to the end of the fuel cell length and an average liquid water volume 
fraction of 0.081 is formed inside the CL and GDL pores. The CD in Case 2  (𝑅𝑅𝑅𝑅𝑚𝑚 = 50 % ,𝑅𝑅𝑅𝑅𝑐𝑐 =50 %) is approximately 17% smaller than in Case 1 (CD in Cases 1 and 2 are 0.762 A cm-2 and 0.640 
A cm-2, respectively). Figure 4 shows that the magnitudes of 𝑅𝑅𝑅𝑅 are smaller in Case 2 than in Cases 1, 
3 and 4, with an average oxygen partial pressure of 11.99 Pa. This reduction in RH has a direct impact 
on the membrane water content, consequently lowering the ionic diffusion coefficient and increasing 
the Ohmic loss (0.27 V) of Case 2 in comparison to Case 1 (0.23 V). In addition to that, due to the lower 
humidification at both anode and cathode inlets, no liquid water has been formed in the ACL and GDL.  
Furthermore, the average BD of the present case is lower (=69.21 kg m-3 s-1) in comparison to the base 
case (124.38 kg m-3 s-1). For Case 3 (𝑅𝑅𝑅𝑅𝑚𝑚 = 50 % ,𝑅𝑅𝑅𝑅𝑐𝑐 = 95 %), as the RH at anode and cathode inlet 
are set to be 50% and 95%, respectively, water diffuses from the cathode to the anode side close to the 
inlet region, as can be seen from Figure 4c. As water is consumed in the CCL for the anion formation 
and the water produced by the electrochemical reaction at the anode side, a higher RH is observed at 
the ACL in comparison to the CCL, which in turn gives rise to BD water from the anode to the cathode 
side. The aforementioned phenomena can be substantiated from Figures 5a and 5b, where the local BD 
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contours at both the ACL and membrane interface, and at the CCL and membrane interface are 
presented, respectively. When comparing the back diffusivity between Case 1 and Case 3, the average 
BD value of the former was 37% higher in comparison to the latter (=77.90 kg m-3 s-1). Consequently, 
a higher ionic conductivity at the membrane has been observed on Case 1 (=5.04 S m-1) in comparison 
to Case 3 (=4.38 S m-1) as the average membrane water content has decreased from 17.83 to 16.62, 
respectively. As the BD is lower in Case 3 than in Case 1, an average liquid water volume fraction of 
0.100 (i.e. 10% flooding) is formed within the ACL and GDL and thereby slightly reduces the hydrogen 
diffusion into the ACL. Moreover, the water molecules necessary for the reaction rate are partially 
supplied by the BD and sorption, and thus the higher RH at the cathode side (95 %) results in a lower 
average oxygen partial pressure (𝑃𝑃𝑂𝑂2 = 9.98 Pa), reducing the oxygen diffusion to the reactive sites. 
Therefore, for a fixed 0.4 V output, a slightly reduction of the CD (from 0.762 A/cm2 in Case 1 to 0.757 
A cm-2 in Case 3) is observed. In Case 4 (𝑅𝑅𝑅𝑅𝑚𝑚 = 70 % ,𝑅𝑅𝑅𝑅𝑐𝑐 = 70 %), the desorption phenomenon at 
the CCL is weaker than in Case 1 due to the higher RH at the domain. Therefore, when comparing Case 
1 and 4 BD, the former case transports more water from the anode to the cathode due to BD (=124.38 
kg m-3 s-1) in comparison to the latter (=98.97 kg m-3s-1), as one can observed when comparing Figures 
4a and 4d. Moreover, higher average oxygen partial pressure has been observed at the CCL (=11.22 Pa) 
than in Case 1. Similar to Cases 1 and 4, condensation of water also takes place at the ACL and GDL 
in Case 4 and a liquid water volume fraction of 0.07 has been observed.  
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Figure 3 – Polarisation curve for different relative humidity for anode and cathode inlet channel. Case 
1 (𝑅𝑅𝑅𝑅𝑚𝑚 = 95%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 50%), Case 2 (𝑅𝑅𝑅𝑅𝑚𝑚 = 50%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 50%), Case 3 (𝑅𝑅𝑅𝑅𝑚𝑚 = 50%, 𝑅𝑅𝑅𝑅𝑐𝑐 =95%) and Case 4 (𝑅𝑅𝑅𝑅𝑚𝑚 = 70%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 70%). 
 
  
a) b) 
  
c) d) 
 
Figure 4 – Relative humidity of anode (top) and cathode (bottom) catalyst layer and gas diffusion layer 
for: a) Case 1 (𝑅𝑅𝑅𝑅𝑚𝑚 = 95%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 50%), b) Case 2 (𝑅𝑅𝑅𝑅𝑚𝑚 = 50%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 50%), c) Case 3 (𝑅𝑅𝑅𝑅𝑚𝑚 =50%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 95%)  and d) Case4 (𝑅𝑅𝑅𝑅𝑚𝑚 = 70%, 𝑅𝑅𝑅𝑅𝑐𝑐 = 70%). 
 
 
  
a) b) 
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Figure 5 – a) local back diffusion at the anode catalyst layer/membrane interface b) local back diffusion 
at the anode catalyst layer/membrane interface. 
 
Figure 6a shows that the temperature of the fuel cell reaches 340K for the 0.4V cell voltage. The main 
source of heat is the reaction rate at the anode side, thus temperature assumes higher values on the anode 
side than on the cathode side. The average reversible and irreversible source of heat have been observed 
to be 2.16×108 and 1.00×108 W m-3 s-1, respectively. The higher temperature observed at the anode 
flow channel is consequence of the higher average thermal conductivity of the mixture at the anode side 
(=0.177 W m-1 K-1) in comparison to the cathode side (= 0.028 W m-1 K-1), thus extracting more heat 
from the CLs and the membrane stack. The contribution of the average Ohmic and latent heat source 
terms are 6.55×105 and 6.64×104 W m-3 s-1, respectively, and have minor impacts in comparison to the 
average reversible and irreversible heat sources. As shown in Figure 6b, a same qualitative behaviour 
in terms of temperature distribution (i.e. high values on the anode side) is observed for the cell voltage 
of 0.6 V. For the cell voltage of 0.6 V, Case 2 exhibits the lowest CD (0.276 A cm-2) for the reasons 
discussed above in the context of the 0.4 V cell voltage case. The activation loss is the main source of 
the loss for the cell voltage of 0.8 V, and thus RH effects have not been presented for this case. 
 
  
a) b) 
Figure 6 – Temperature contours of Case 1 (𝑅𝑅𝑅𝑅𝑚𝑚 = 95%,𝑅𝑅𝑅𝑅𝑐𝑐 = 50%): a) 0.4 V and b) 0.6 V cell 
voltage. 
 
3.2 Ionomer water uptake (Cases 1, 5-6) 
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The ionomer water uptake observed by Bharath et al. [36] was described as a function of the RH in the 
present work (𝜆𝜆𝑚𝑚 = 25.09 at 100% RH). Nevertheless, the ionomer water uptake is expected to reach 
higher values provided the material development allows for it. Therefore, to evaluate the CL 
performance under different water uptake properties, the membrane water content is multiplied by the 
membrane water content factor 𝛾𝛾𝑚𝑚 (see Eq. (38)). Although the enhancement of the membrane water 
content is beneficial to the ionic diffusion, increasing the membrane water content weakens the 
mechanical properties of the membrane due to the swelling. Figure 7a indicates that the CD of the fuel 
cell improves approximately by 8% (where CD =0.828 A cm-2) and 10% (where CD =0.848 A cm-2), 
for Case 5 (𝛾𝛾𝑚𝑚 = 1.5) and Case 6 (𝛾𝛾𝑚𝑚 = 2.0), respectively in comparison to Case 1 (𝛾𝛾𝑚𝑚 = 1.0) for the cell 
voltage of 0.4 V. Equation (19) indicates that an increase in ionomer water content leads to a higher 
value of ionic conductivity in the CL and membrane, thus acts to reduce the Ohmic loss and increase 
the CD. The ionic conductivity of the membrane for Cases 5 and 6 are higher than in Case 1 (where 
ionic conductivity is 5.04 S m-1) by 25% (where ionic conductivity is 6.73 S m-1) and 35% (where ionic 
conductivity is 7.70 S m-1), respectively. As shown in Figure 8, the ionic potential at the cathode side 
for Case 6 (=0.479 V) is higher than in Case 1 (=0.450 V) and 5 (=0.471 V), due to the enhancement of 
the ions conductivity as a result of a higher membrane water content.  An augmentation of reaction rate 
is obtained due to the higher quantity of ions reaching the anode as a result of an enhanced ions 
conductivity, and this subsequently leads to an increase of the CD. In addition to that, as one can see 
from Eq. (36), the membrane water diffusion coefficient is dependent on the local membrane water 
content. Moreover, using low RH at the cathode inlet results in higher O2 partial pressure and 
consequently lower oxygen concentration loss. The water required for the reaction at the cathode is then 
instead supplied by water BD from the anode. Therefore, as shown in Figure 8d, a more even 
distribution of the membrane water content has been obtained in the CL in Case 5 and 6 in comparison 
to the base case (i.e. Case 1). This results in a more even water vapour distribution at the CLs in Cases  
5 and 6 than  in  Case 1.  
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a) b) 
  
c) d) 
Figure 7 – Overall performance for Case 1 (base case - 𝛾𝛾𝑚𝑚 = 1.0 , 𝑚𝑚𝑃𝑃𝑃𝑃 = 0.004 kg m-2 , 𝑚𝑚𝐶𝐶 =0.0026 kg m-2, 𝐿𝐿𝑀𝑀 = 0.15,𝛿𝛿𝐶𝐶𝐺𝐺 = 1.00 × 10−5m) and different cases: a) ionomer water content factor 
Case 5 (𝛾𝛾𝑚𝑚 = 1.5), Case 6 (𝛾𝛾𝑚𝑚 = 2.0), b) platinum loading Case 7 (𝑚𝑚𝑃𝑃𝑃𝑃 = 0.006 kg m-2), Case 8 (𝑚𝑚𝑃𝑃𝑃𝑃 = 0.01 kg m-2) c) carbon loading Case 9 (𝑚𝑚𝐶𝐶 = 0.016 kg m-2,𝛿𝛿𝐶𝐶𝐺𝐺 = 2.39 × 10−5m), Case 10 (𝑚𝑚𝐶𝐶 = 0.0026 kg m-2, 𝛿𝛿𝐶𝐶𝐺𝐺 = 4.29 × 10−6m)  and d) ionomer volume fraction Case 11 ( 𝐿𝐿𝑀𝑀 =0.15,𝛿𝛿𝐶𝐶𝐺𝐺 = 1.00 × 10−5m), Case 12 (𝐿𝐿𝑀𝑀 = 0.30, 𝛿𝛿𝐶𝐶𝐺𝐺 = 1.00 × 10−5m), Case 13 (𝐿𝐿𝑀𝑀 = 0.15,𝛿𝛿𝐶𝐶𝐺𝐺 =7.82 × 10−6m), Case 14 (𝐿𝐿𝑀𝑀 = 0.30,𝛿𝛿𝐶𝐶𝐺𝐺 = 1.17 × 10−5m). 
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a) b) 
  
c) d) 
Figure 8 – Local ionic potential contour in a perpendicular plane at 𝑧𝑧 = 0.5 m for: a) Case 1 (𝛾𝛾𝑚𝑚 = 1.0) 
b) Case 5 (𝛾𝛾𝑚𝑚 = 1.5) c) Case 6 (𝛾𝛾𝑚𝑚 = 2.0) and d) Local membrane water content for Case 1, 5 and 6 at 
𝑧𝑧 = 0.5 m and 𝑥𝑥 = 0.0025 m. 
 
3.3 CL parameters 
In order to analyse the influences of the CL composition on the fuel cell overall performance, the 
platinum loading, carbon loading and ionomer volume fraction were varied. Here, two different 
approaches have been adopted to perform a comprehensive analysis of the effects of the aforementioned 
parameters on the overall fuel cell performance. The first approach considers a fixed CL thickness and 
thus the volume fractions given by Eq. (8) are adjusted accordingly, as a consequence of the variation 
of the parameters. In the second approach, the CL porosity is kept constant and the CL thickness is 
adjusted in other to accommodate the platinum, carbon and ionomer loadings within the CL volume. 
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3.3.1 Platinum loading (Cases 1, 7-8) 
Figure 7b shows significant improvement in terms of the overall performance can be obtained by 
increasing the platinum and carbon loading. For example, both Cases 7 (𝑚𝑚𝑃𝑃𝑃𝑃=0.006 kg m-2) and 8 (𝑚𝑚𝑃𝑃𝑃𝑃 
= 0.01 kg m-2) show better performance in comparison to Case 1 (𝑚𝑚𝑃𝑃𝑃𝑃 = 0.004 kg m-2). For the cell 
voltage of 0.4 V, the current densities for Cases 7 and 8 have been found to improve by 12% (the CD 
is 0.865 A cm-2 for Case 7) and 25% (the CD is 1.0 A cm-2), respectively. This is directly associated 
with an increase of the effective surface area per unit volume of the CL (e.g. 𝑎𝑎𝑃𝑃𝑃𝑃
𝑚𝑚𝑓𝑓𝑓𝑓 values are 1.21×107 
m-1 and 2.13×107 m-1 for Case 7 and 8 respectively in comparison to 7.88×106 m-1 in Case 1). As a 
consequence of this augmentation of the effective specific area per unit CL volume, the activation loss 
decreases because an increased area of platinum is exposed to the ions. The activation losses at the 
anode CL for Case 7 and 8 have been found to be 0.102 V and 0.077 V, respectively, whereas it was 
observed to be 0.120 V for Case 1. Nevertheless, a modest reduction of the activation loss in the cathode 
side is observed, reducing the activation loss from -0.4 V to -0.38 V for Case 1 and 8, respectively. 
Table 7 shows that the CL porosity decreases with an increase in the platinum load. Thus, despite of 
the augmentation of the overall performance, the mass transportation loss has increased from 0.048 to 
0.052 V at the CCL when comparing the Cases 8 for 0.4 and 0.3V output voltage, respectively.  An 
increase in the platinum loading has a direct impact on the fuel cell cost. Therefore, a balance between 
the cost and performance has to be considered for large scale applications. 
Due to the smaller size of the platinum particles than the carbon particles, the variation of the CL 
thickness in response to the change in platinum loading is marginal, and thus, no analyses has been 
performed in this aspect.  
 
 𝛿𝛿𝐶𝐶𝐺𝐺 (m) 𝑚𝑚𝑃𝑃𝑃𝑃 (kg m-2) 𝑚𝑚𝐶𝐶  (kg m-2) %𝑃𝑃𝑃𝑃 𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶  𝐿𝐿𝑀𝑀  𝜖𝜖𝐶𝐶𝐺𝐺 
Case 1 1.00×10-5 0.004 0.006 0.400 0.352 0.220 0.428 
Case 7 1.00×10-5 0.006 0.006 0.500 0.361 0.220 0.419 
Case 8 1.00×10-5 0.01 0.006 0.625 0.380 0.220 0.400 
Case 9 2.39×10-5 0.004 0.016 0.200 0.380 0.220 0.400 
Case 10 4.29×10-6 0.004 0.0026 0.606 0.380 0.220 0.400 
Case 11 1.00×10-5 0.004 0.006 0.400 0.352 0.150 0.498 
Case 12 1.00×10-5 0.004 0.006 0.400 0.352 0.300 0.348 
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Case 13 7.82×10-6 0.004 0.006 0.400 0.450 0.150 0.400 
Case 14 1.17×10-5 0.004 0.006 0.400 0.300 0.300 0.400 
 
Table 7 – Physical properties of the catalyst layer. 
 
3.3.2 Carbon loading (Cases 1, 9, 10) 
For Cases 9 (𝑚𝑚𝐶𝐶= 0.016 kg m-2, 𝛿𝛿𝐶𝐶𝐺𝐺= 2.39×10-5 m) and 10 (𝑚𝑚𝐶𝐶= 0.0026 kg m-2, 𝛿𝛿𝐶𝐶𝐺𝐺= 4.29x10-6 m), the 
carbon loading has been modified (see Table 6) in such a manner that the CL porosity is kept unaltered 
and the CL thickness has been changed to allocate the carbon mass loading within the domain. An 
increase of the CL thickness, due to reduction of the platinum and carbon mass ratio, reduces the 
effective specific area per unit CL volume. Accordingly, as presented in Figure 7c, Case 9 (i.e. 𝑓𝑓 =0.20) exhibited a CD of 0.663 A cm-2 in comparison to 0.762 A cm-2 in Case 1 mainly due to the 
depletion of the reaction rate coefficient (Eqs. (28) and (29)) due to the reduction of the effective surface 
area to volume ratio of the CL. By contrast, Case 10 (i.e. 𝑓𝑓 = 0.60) showed a 6.0% increase in CD 
(=0.810 A cm-2) in comparison to Case 1 (=0.762 A cm-2). The thinner CL in Case 10 than in Case 1 
reduces the resistance to species diffusion, thus reducing the concentration loss on both anode and 
cathode sides. Moreover, in addition to the reduction of the Ohmic loss due to the thinner CL, the water 
sorption at the ACL in this case (i.e. Case 10) has increased to 5.92 m-3s-1, which is higher than that in 
Case 1 (=3.72 m-3s-1), which results in a higher conductivity and, consequently a smaller Ohmic loss. 
All of these contribute to higher CD of Case 10 than in Case 1. Therefore, for the analysed cases, a 
thinner CL has been proved to be more effective on the improvement of the overall performance of the 
fuel cell. In addition to that, the thinner layer of ionomer covering the agglomerate in Cases 9 and 10 
than in Case 1 diminishes the resistance opposed to the ions and species. On the other hand, the average 
liquid water volume fraction of 0.191 (i.e. 19.1% flooding) present at the anode CL and GDL increases 
the possibility of flooding. 
 
3.3.3 Volume fraction of ionomer (Cases 1, 11-14) 
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In the present study, the kinetic parameters of the HOR/ORR were kept fixed (i.e. transfer coefficient 
(𝛼𝛼) and exchange CD (𝑗𝑗0
𝑟𝑟𝑚𝑚𝑓𝑓)). In Cases 11 and 12, the ionomer volume fraction was modified but the 
total CL thickness was kept unchanged for the purpose of numerical experimentation. This consequently 
modified the CL porosity. In Cases 13 and 14, the ionomer volume fraction was changed for a given set 
of values of 𝐿𝐿𝑃𝑃𝑃𝑃/𝐶𝐶 and 𝜖𝜖𝐶𝐶𝐺𝐺 and consequently the CL thickness, 𝛿𝛿𝐶𝐶𝐺𝐺, changed.   
 
3.3.3.1 Fixed CL thickness 
The overall performance of the cases analysed for the variation of the volume fraction of ionomer 
content in the CL is presented in Figure 7d. Even though the volume fraction of the CL pores increased 
as consequence of the reduction of ionomer volume fraction to 0.15 (Case 11), the overall performance 
of the fuel cell deteriorated in comparison to Case 1 (where 𝐿𝐿𝑀𝑀 = 0.22). For the cell voltage of 0.4 V, 
the CD in Case 11 (=0.590 A cm-2) is approximately 30% smaller than in Case 1 (=0.762 A cm-2). This 
behaviour originates mainly due to the corrections in the ionic and membrane water content diffusion 
coefficients (see Eqs. (18) and (35)). An opposite behaviour is observed when the ionomer volume 
fraction is increased to 0.30 (i.e. Case 12). As both ions and water diffusion rate coefficients increase 
with an increase of the ionomer volume fraction, the overall performance of Case 12 is superior to Case 
1. The concentration loss in Case 14 starts to become significant for high CD, which can be seen in 
Figure 7d for the 0.3V output case. Therefore, for a typical fuel cell operating condition (e.g. 0.6 V 
output), an ionomer volume fraction of 0.30 is recommended. 
 
3.3.3.2 Fixed CL porosity 
Figure 7d shows that Case 13, which has thinner CL than in Case 1, yields of 0.701 A cm-2 in comparison 
to 0.762 A cm-2 in Case 1. The reduction of the volume fraction of ionomer in Case 13 overcomes the 
enhancement of the electrons conductivity due to the increases in platinum loading (see Eq. (17)) and 
effective surface, which, for a fixed voltage, increases the Ohmic losses at both CLs in comparison to 
that in Case 1. Nevertheless, when comparing the overall performance of Case 13 and Case 12, the latter 
showed higher CD production. The performance enhancement of Case 13 is mainly associated with the 
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larger effective surface area of the CL in comparison to Case 11. By contrast, Case 14 exhibits a higher 
CD (0.811 A cm-2) than in Case 1 (0.762 A cm-2). This is a consequence of the faster diffusion of ions 
and water content in the CL in Case 14 and thus the Ohmic loss within the CL is smaller than in Case 
1, which increases the overpotential at ACL and CCL in Case 14 in comparison to Case 1. For the range 
of ionomer volume fraction studied in this work, an ionomer volume fraction of 0.30 has been found to 
yield the best overall performance of the fuel cell. Nevertheless, the augmentation of the ionomer 
volume fraction is limited by aspects such as the reduction of the CL porosity and the thickening of the 
ionomer film (e.g. higher concentration loss) and increase of the CL thickness (e.g. increase of the 
Ohmic loss). 
 
4. CONCLUSIONS  
In this study, a three-dimensional multiphase agglomerate model for an AEM fuel cell has been utilised 
to perform a detailed parametric analysis in terms of the variations of RH at the inlet, ionomer water 
uptake, ionomer volume fraction, platinum and carbon loading. The RH at the inlet has been proved to 
have a significant influence on the fuel cell performance. The BD of regents has been found to play an 
important role on the membrane hydration, which acts to increase the ionic conductivity. Therefore, an 
increase in the CD has been obtained under higher RH at the anode side. Moreover, BD has been shown 
to be responsible for partial supply of the reagents in the CCL for the ion formation.  
 
The overall performance of AEM fuel cell has been found to improve with increasing membrane water 
uptake. When the RH is kept at 50% at the cathode inlet, an increased oxygen partial pressure enhances 
oxygen diffusion to the reactive sites within the CCL. Moreover, the water consumed for the ion 
formation is partially obtained by the water BD from the anode to the cathode side.  
 
The variation of the platinum loading affects the effective surface area to volume ratio of the CL, which 
increases with platinum loading, allowing ions to easily reach the reactive sites. Furthermore, a 
reduction of the activation loss has been observed with increasing platinum loading. The CL thickness 
decreases with decreasing carbon loading when the CL porosity is kept unaltered, and this improves the 
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overall performance of the fuel cell due to the combination of reduced Ohmic loss and the thinning of 
ionomer layer thickness. 
 
An increase in ionomer volume fraction enhances both ions and membrane water content diffusion at 
the cost of increase in thickness of the ionomer and consequently reduction in reactants permeability 
through the agglomerate film. However, this has limited influence as its increase is directly related to 
the decrease of the porosity in the CL when the CL thickness is kept unaltered. The ionomer swelling 
might significantly affect the overall performance of the AEM fuel cell when operating under high RH 
conditions. Hence, the implementation of such phenomenon is necessary to unveil its effect on the many 
inter-related phenomena such as membrane water content, ionic diffusion (i.e. Ohmic loss) and water 
BD through the membrane just to name a few. 
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